A fully-coupled geomechanics/fluid-flow simulation model has been developed to study the behavior of the pore pressure and stress distribution in a hydraulically fractured wellreservoir system. The 3D finite difference, fully implicit model takes into account the non-linear poroelastic deformation of the reservoir rock. The numerical model incorporates a local grid refinement around the perforation depth. Equations that govern fluid flow are coupled with the equations that govern rock deformation in the fracture and the reservoir, then the resulting equations are solved numerically under different reservoir-fracture conditions. The initial and boundary conditions used in the solution of the equations are defined as follows: (i) Zero incremental pressure and displacements at initial conditions and (ii) Closed system for the fluid flow model, non-deformable boundaries. A laboratory-derived stress-dependent permeability correlation is introduced to compute the permeability in both the rock without fracture and the fractured rock. The use of this correlation avoids the need to have initial permeability values and these values are computed using the effective stress acting on the rock. Simulator is applied to selected simulation examples to show the effects of isotropic and anisotropic stress states on the fracture shape and distributions of fluid pressure and vertical and horizontal stresses.
Introduction
Pore pressure plays a significant role in reservoir simulation, but it is important to take into account that this is not the only geomechanical parameter affecting the behavior of the rock due to production/injection of fluids, it is important to introduce the influence of the stress state acting over the rock, and how this state influence the behavior of the reservoir.
Geomechanics is a strong parameter in such problems as hydraulic fracturing, borehole stability, and production induced compaction and subsidence. In these areas, the geomechanical aspects as well as the fluid flow behavior are very important parameters. The focus of this study is the coupling of the fluid flow equation with equations that describe the geomechanical behavior of the rock taking into account the flow of fluids in the reservoir and the state of stresses acting over the rock 1, 2, 3 .
Many models have been created to predict the geometry and the behavior of hydraulic fracturing processes. Two dimensional (2D) models assume, a priori, that the fractures are vertical and their height remains constant, the only parameters changing are the length and the width. The most noted 2D models are the Perkins -Kern 4 and Geertsma -De Klerk 5 . Three dimensional (3D) models allow changes in height, width and length, but they predefine the fracture geometry, by assuming that the geometry of the fracture is elliptical 6, 7, 8 .
The purpose of this study is to develop a fully-coupled numerical fluid-flow geomechanical model. The numerical model incorporates a local grid refinement around the perforation depth, the model works with vertical gradients for the initial properties (pressure and mechanical properties). This model allows simulation of fracture propagation during the hydraulic fracture process and monitors changes in the stresses and pressure with time. One of the advantages of this model is the fact that the fracture geometry is arbitrary; we do not predetermine the geometry. Incorporating failure criteria in the development of the program we can predict under which conditions the rock fails and the fracture appears. The failure criteria used in this subroutine is the Mohr-Coulomb criteria 9 . The fractures are developed when the failure criterion is exceeded. At the beginning of the injection process the reservoir only contains rock without fracture. Due to the injection process the rock fails. Results with and without taking into account the geomechanical effect are presented to illustrate the viability of carrying out fully-coupled fluidflow/geomechanical simulation.
The coupled Fluid-Flow/Geomechanical Simulator. In order to present the importance of including the geomechanical effect in the hydraulic fracturing process a program using a 3D finite difference, fully implicit with The simulation axes are fixed in the direction of the maximum (x-axis), and minimum (y-axis) stresses in the horizontal plane, and in the direction of the vertical stress for the zdirection. The sign conventions are positive for compressive stresses and compressive pressure.
The stress-deformation model is given by 12, 13 : (5) where l = x, y, z.
The stress-strain model considers the next boundary conditions:
The deformation at the boundaries of the reservoir are equal to zero, The deformation at the bottom boundary of the reservoir is equal to zero, and
The differential equation for porosity is given by: (6) where m σ represents mean stress.
When the hydraulic fracture simulator ends the simulation, it provides information related to the total and effective stresses, deformations, and pore pressure distribution in each direction and the new in-situ stress distribution (maximum, intermediate and least principal stresses). It also provides information related to the nodes where the fractures are present.
Fully-Coupled Fluid-Flow/Geomechanical Simulation
Two simulations were performed in order to show the importance of including the geomechanical effect in the derivation of the fluid-flow equation. The first simulation carried out was developed taking into account the anisotropic behavior of the geomechanical parameters (Simulation 1) and the second one was developed taking into account the isotropic behavior of the rock (Simulation 2). To have a comparison point the remaining parameters were kept the same in both simulations. The parameters used in both simulations are presented in Table 1 , and the geomechanical parameters used in Simulation 1 are presented in Tables 2, 3 , and 4.
To simulate the behavior of the fluid properties in both matrix of the rock and fractured rock, two different set of data were included, one represents the mechanical properties in rock without fracture and the other one represents the mechanical properties in fractured rock. Tables 3 and 4 show the parameters used in this study.
For Simulation 2, the three initial principal stresses were defined equal in magnitude σ = 5745 psi, the initial pressure was equal to 5030 psi, the lithology and the depth of each layer was kept the same as Simulation 1. The values assigned to Simulation 2 correspond to the values assigned for layer number five in simulation 1. Layer number five is the layer where the perforation was done. Figure 1 shows the fracture distribution for Simulation 1. This is a plot of the fracture shape in horizontal plane, where the vertical axes corresponds to the direction of the minimum horizontal stress, the horizontal axes represents the direction of the maximum horizontal stress.
Results obtained from the simulations
In this plot the small dots show the fracture growing in the direction perpendicular to the least principal stress (minimum horizontal stress). The point in the center of the simulation area represents the well. Grid refinement is enhanced in the area near the well. Fracture propagation is exactly what is expected based on the theory of hydraulic fracturing 9 .
Figure 2 presents a fracture shape sketch in a vertical view where the vertical axes corresponds to depth and the horizontal axes corresponds to the direction of the maximum horizontal stress. In this case, the maximum principal stress is in the vertical direction; resulting in a vertical fracture. The vertical line in the center represents the well. The point at the end of the line represents the perforation depth. At the perforation depth the grid is enhanced for more accurate results. Figure 3 presents the pressure distribution after 100 minutes of injection for Simulation 2.
As expected, the maximum pressure values were obtained at the perforation depth, and the pressure decreases as well as the distance from the well is increased. An important feature in this plot is the elliptical shape for the pressure distribution. The long axis is aligned in the direction of the maximum horizontal stress. Figure 4 presents the pressure distribution after 200 min for simulation 1. There is a decrease in the pressure distribution due to the fracture creation that provides additional porosity. With more porosity the fluid expands and releases pressure. In this plot the effect of the stress anisotropy is even stronger and clearer than in Figure 3 .
Under the conditions assigned for simulation 2, there are no nodes fractured during the treatment time; because injection pressure never overpasses the failure criteria. This introduces significant disadvantages in order to simulate the behavior of the reservoir. With the presence of fractures the conductivity of the rock is increased so the production is improved. Figure 5 presents the pressure distribution after 100 minutes of injection for Simulation 2. The maximum value for the pressure was around 5040 psi while the maximum value obtained in simulation 1 for the same injection time was around 6900 psi. These results reflect the strong influence that geomechanical parameters have on the pressure distribution. Figure 6 presents the pressure distribution after 200 min of injection. Compared with the pressure distribution obtained in Figure 5 we can see how this distribution keeps growing, but only with a small increase.
Analysis of the Results and Conclusions
Based on the simulations done in this study, we can conclude that hydraulic fracturing modeling; with out taking into account the geomechanical effect is not a good approximation to the real case. This should imply an over design which represents more money invested. The geomechanical aspects provide a better understanding for the fluid flow behavior in the reservoir. It is easy to notice that Simulation 1 offers more realistic results. That simulation tries to better simulate the behavior of the rock under injection processes. While in Simulation 1, between 100 and 200 min, the fracture appeared, in Simulation 2, we did not get fractures at all. It implies that, under the conditions of Simulation 2, we need to inject more fluid, or, change some of the parameters in order to get a fractured reservoir.
The simulator results indicate that taking the pore compressibility as the only geomechanical parameter acting over the rock the results obtained were not accurate. The incorporation of the geomechanical effect offers a very important key to better understand the reservoir behavior. It is important to incorporate this behavior in other processes very common in the petroleum industry, such as wellbore stability, production induced compaction and subsidence. Pressure Distribution after 100 min 6800-7000 6600-6800 6400-6600 6200-6400 6000-6200 5800-6000 5600-5800 5400-5600 5200-5400 5000-5200
